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ABSTRACT 



The Navy has invested in an effort to update the ship electrical distribution 
system for new vessels. The new architecture divides the ship into specific zones 
containing common energy conversion devices. Rather than the traditional AC 
distribution, DC will be produced at the source ( a multiphase alternator connected to a 
controlled rectifier). An integral part of the proposed DC distribution system is the Ship 
Service Converter Module (SSCM) which acts as a buffer between a main DC bus and a 
specific zone in the ship. Currently a research effort is underway to make available two 
Reduced Scale Advanced Development (RSAD) lOOkW SSCMs fortesting at the Naval 
Surface Warfare Center, Annapolis. The Power Laboratory at the Naval Postgraduate 
School is responsible for delivering two identical prototype controllers based on digital 
signal processing for the RSAD SSCMs. The focus of this thesis is the design, 
construction and testing of the prototype controllers. This engineering effort includes the 
following: the analysis of the performance of various control algorithms through 
simulation; the refinement of the selected algorithm; the design, assembly, and testing of 
the controller and its supporting hardware; the development and testing of the software; 
and the integration and testing of the complete system. 
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I. INTRODUCTION 



A. PURPOSE 

The focus of this thesis research is on the development of a working controller for 
a reduced-scale Ship Service Converter Module (SSCM) prototype. The prototype is 
currently being constructed through a cooperative joint effort between the Naval 
Postgraduate School (NPS) Power Systems Group, the Naval Surface Warfare Center 
(NSWC) of Annapolis, Md., and Power Paragon Incorporated (PPI) of Anahiem, Ca.. 

The controller development process included the following: the performance analysis of 
various controller algorithms through simulation; the refinement of the selected 
algorithm; the design, assembly, and testing of the supporting hardware; the design, 
assembly, and testing of the controller hardware; the development and testing of the 
software; and the integration and testing of the complete system. 

This document provides the background and technical reference information on 
the final working controller. It is structured to facilitate further development of the 
controller and enable its incorporation into the targeted SSCM. The document also 
provides recommendations for refinements in the current controller and improvements in 
subsequent designs. This chapter presents the background information on the SSCM and 
DC Zonal Distribution. Chapter II presents theoretical information about the power 
conversion process which takes place within the SSCM and specific information on both 
the NPS and 1 00k W buck converters. Chapter III describes the general requirements for 
the control of an SSCM. Chapter IV presents the simulation of four control algorithms in 
order to justify the selection of the implemented algorithm. Chapters V presents the 
specifics of how the controller is actually implemented in the digital hardware and 
software. Chapter VI presents the specifics of how the controller is implemented in the 
analog hardware. Chapter VII presents the test results of the SSCM as implemented at 
NPS. Chapter VIII offers guidance for both improvement on the present controllers and 
incorporation of the controllers into the lOOkW SSCMs. 
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B. SSCM GENERAL DESCRIPTION 



The SSCM is a solid-state DC device that provides a regulated output voltage at a 
reduced level from the applied input voltage. It performs the voltage reduction at high 
efficiency with a high power, high voltage buck chopper. The buck chopper's operation is 
governed by signals from the controller. The controller is responsible for maintaining the 
stable regulated output voltage on the SSCM and, during changes in the SSCM load or 
supply, minimize the transients on the output voltage. Additionally, it can be assigned 
numerous auxiliary functions such as external communications, fault handling, and 
SSCM mode control. 

C. RESPONSIBILITY 

NSWC is coordinating the development of six Reduced Scale Advanced 
Development (RSAD) 100 kW SSCMs. These units will be the prototype for the SSCMs 
of the Navy's proposed DC distribution system. PPI is responsible for the design, 
construction and operational testing of the power portion of the buck chopper and its 
associated circuits. Final testing of the units will be conducted at NSWC. 

NPS is responsible for delivering the first two prototype controllers and 
supervising the melding of these controllers with PPI's power portion of the SSCMs. The 
two controllers are to be identical and incorporate a digital signal processor (DSP) for the 
RSAD SSCMs. The controller should be capable of a local mode for maintenance and a 
remote mode with control via an RS422 serial port. The controller must provide fault 
handling and support the parallel operation of two SSCMs. [Ref. 1] 

D. DC ZONAL ELECTRICAL DISTRIBUTION SYSTEM 

1. Background 

Since the end of the Cold War, the U.S. Navy has begun to place special 
emphasis on affordable modular designs for future ship construction. Reduced funding 
and the continuous reduction in the U.S. naval construction base have forced re- 
evaluation of the design criteria and shifted the focus from performance enhancement to 
affordability. This represents a fundamental shift in priorities. The following eight 
initiatives identified in Ref. 2 maintain affordability at a higher priority than 
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performance: 

1) Extended architectural advantage, 

2) Promote commonality, 

3) Exploit producibility, 

4) Reduce infrastructure, 

5) Reduced component costs, 

6) Reduced manning, 

7) Reduced energy costs, 

8) Assess potential for combat systems cost reductions. 

The Advanced Surface Machinery (ASM) and Affordability Through 
Commonality (ATC) programs both seek affordability while improving performance 
over current designs. The programs propose that the design of ship systems be comprised 
of common modules based on standardized parts. An element of the ASM program is the 
Integrated Power System (IPS) initiative which seeks to extend these concepts to the 
power systems for all naval ships of the future, both surface ships and submarines 
[Ref. 3], 

The IPS stresses the use of common components which leads to the reduced cost 
of design and production. The elimination of any specialization of power components in 
ship designs will reduce the Navy construction infrastructure, further reducing cost. 
Commonality also reduces the maintenance cost in both training and part acquisition. A 
common module with standardized parts will more effectively lend itself to repair and 
reuse. Additionally, since parts are not platform specific, depots can maintain a smaller 
inventory to meet the needs of a large variety of vessels. The common modules can be 
configured to meet the specific platform needs, whether it is for a warship, an auxiliary 
ship, or a commercial ship. 

A subset of the IPS is the Zonal Electrical Distribution System (ZEDS). ZEDS 
incorporates the concepts of IPS on the electrical system architecture that outperforms 
today's radial electrical distribution system in many ways (Figure 1.1). It provides for 
both a cost and weight savings, and allows for enhanced ship production, easy upgrades, 
and component commonality with other ship classes [Ref. 4]. In addition, it enhances 
ship integrity by reducing the number of bulkhead penetrations. The advantages of ZEDS 
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Figure 1.1. DC Zonal Electrical Distribution System (DC ZEDS) [After Ref. 5] 



is further enhanced when coupled with DC distribution. 

DC electrical distribution provides the capability to integrate the power 
conversion with the protection circuitry. Modem solid-state converters can identify and 
respond quicker to transients on a DC bus than the mechanical devices used in current 
ship designs. In addition, converters and inverters used in the zonal distribution system 
can prevent faults from affecting the main bus by imposing limits on fault currents. This 
aspect of the DC ZEDS will allow the ship to fight through with sustained damage 
without the performance of a fault isolation procedure. DC distribution will reduce 
power conversion steps and eliminate transformers. Distribution systems can be designed 
with fewer components. Mechanical bus transfer switches can be replaced with diode 
logic that would provide uninterrupted power should one power source fail in a many 
source system. 

Currently, the electrical distribution systems on major combatants provide power 
to combat systems through an intermediate 400 Hz conversion unit. With DC distribution 
combat systems can be supplied directly from the bus. This increases the reliability of 
combat systems by minimizing the number of components between combat systems and 
its power source. 

DC distribution has become more viable with the invention of the Insulated Gate 
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Bipolar Transistor (IGBT). Inverter and converter capabilities have been greatly 
broadened by the relatively high switching frequency and large currents the IGBT 
supports. But at present, IGBT technology limits the maximum bus voltage to about 
1000V. Higher voltages would be preferred to reduce the current carrying requirements 
and therefore the size and weight of the transmission lines. In addition to the IGBT, the 
MOS - Controlled Thyristor (MCT) has recently received considerable interest as a 
potential switch device capable of sustaining higher voltages and currents. At present, 
fabrication technologies limit its breakdown to approximately 3000 V and 200 A [Ref. 6 
pg 655]. 

2. DC ZEDS Zone Description 

Generally, two types of modules are found in the typical DC ZEDS zone (Figure 
1.2), an SSCM and a Ships Service Inverter Module (SSIM). The function of the SSCM 
is to provide regulated DC power within the zone at a voltage lower than that of the ship 
service DC bus. It also offers protection of the ship service DC bus by minimizing any 
fault currents and thereby keeping the effect of a fault within the zone. The SSIM 
receives power from the SSCMs in the zone and provides the AC power for the zone. It 
also offers fault tolerance by limiting the currents of an AC fault, thereby preventing 
these currents from affecting the DC bus within the zone and the other SSIMs. Large 
machinery within a zone can be DC, eliminating the need for an additional power 




Figure 1.2. Typical DC ZEDS Zone 
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conversion with the SSIM and allowing them the benefit of power redundancy through 
diode isolation. 

Naval combatant ships will have multiple ship service DC buses running from 
zone to zone across the entire length of the ship. These zones will have at least an equal 
number of independent SSCMs to take full advantage of the redundancy and fault 
tolerance of the system. Auxiliary ships can have as few as one ship service DC bus 
running the length of the ship. A zone on such an auxiliary ship may have just one SSCM 
providing power to one or multiple SSIMs. Although this eliminates the redundancy, it 
still offers many of the advantages inherent to the DC ZEDS design. 

Two SSCM topologies are possible for the future combatant. In the first topology, 
one SSCM provides power to a collection of loads such as pumps and SSIMs. Loads can 
be added or removed as long as the total load is below the maximum capacity of the 
SSCM. But some situations may involve loads which exceed the power of a single 
SSCM. In these cases, multiple SSCMs will operate in parallel, sharing the power 
requirements of the larger load. The advantage of this scheme is the need for only one 
type of SSCM. In zones with low to medium power requirements a single SSCM will be 
present. For zones with higher power requirements numerous copies of that same SSCM 
will be employed. 
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n. SSCM POWER CONVERSION 



A. THE BUCK CHOPPER 

The dc-to-dc power conversion in the SSCM is achieved through the use of a 
buck chopper. The buck chopper provides an average output voltage that is less than its 
input voltage. This is accomplished through a combination of high-speed switching and 
reactive components. The use of a buck chopper for the efficient dc-to-dc voltage 
conversion eliminates the power consumption and maintenance requirements of rotating 
machinery or linear regulators. Inertial and frictional losses found in generator sets can 
be minimized but only at great expense in both design complexity and financial cost. The 
additional maintenance concerns associated with rotating machinery, including cleaning, 
lubrication, brush inspection and replacement can be minimized, if not fully eliminated, 
with the buck chopper. Linear regulators are only a viable option when efficiency is not a 
concern or the value of the regulated voltage is very close to the value of the source 
voltage. When only a small voltage drop exists across the linear regulator the majority of 
the power delivered by the source is transferred to the load and less must be dissipated as 
heat. Modem solid-state devices, such as the IGBT, allow the buck chopper to achieve 
high power dc-to-dc conversion with efficiencies comparable to ac transformer coupling. 

1. Basic Circuit Description 

The basic buck circuit includes an inductor, a switch, a diode, and a load. While 
this circuit will provide the reduced average voltage on the output, the circuit becomes 
more practical when a capacitor is added to smooth the output voltage (Figure 2.1). The 
buck circuit is controlled by cyclically closing and opening the switch. The frequency is 
generally held constant with the ratio of switch on time to switch off time, termed the 
duty cycle, modulated according to a control law. A typical cycle of the converter is 
explained by first considering the interval when the current flows through the inductor 
and charges the capacitor and provides current to the load. The energy in the inductor 
field grows as its current increases. The switch is then opened and the polarity of the 
inductor potential reverses as its magnetic field collapses. The inductor becomes the 
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source. The diode turns on as it is forward biased by the new inductor potential. Current 
continues to flow to the capacitor and the load as the magnetic field of the inductor 
collapses. If the inductor is small, the field will collapse completely before the switch is 
closed for another cycle and the inductor current will be changed to zero until the next 
cycle ( the diode prevents any negative currents from flowing through the inductor when 
the switch is open). This is the discontinuous mode. If the switch re-closes before the 
inductor loses all of its energy, the inductor current will not have decayed to zero and 
will begin to ramp up again. This is the continuous mode. 

2. Circuit Analysis 

The buck chopper analysis is performed to provide both the steady-state model 
and a linear state space representation. Information from both is used to correctly model 
the SSCM in the Simulink environment. 

a. Assumptions 

In order to obtain simplified mathematical expressions to describe the 
steady-state buck chopper operation, a set of assumptions is required. Additional 
assumptions are also used in the derivation of a dynamic state-space model. The specific 
assumptions are: 

1 . The voltage drop of the diode and switch when forward biased are negligible. 

In this application the diode voltage drop was found to be less than 1.5 volts at 

full load (current) and the IGBT voltage drop was found to be less than 2.0 volts. 

In both cases this is less than 3% of the nominal 75 volt output voltage used in 
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the controller development. The assumption is even more valid when considering 
the 750 volt output of the 100 kW buck converter. 

2. The capacitor is large enough so that the voltage variations on the output may 
be considered negligible. This voltage is denoted V c . The assumption is useful in 
determining the steady state voltage relationship between input and output, but 
not the state-space representation. 

3. The buck chopper will remain in the continuous mode of operation. This 
condition simplifies the analysis and was dictated by the design requirements of 
the SSCM [Ref. 8], The load range of the SSCM is bounded by the power and 
current limitation for large loads and the discontinuous mode of operation for 
small loads. 

b. Steady-State A nalysis 

For steady-state analysis the buck chopper can be modeled as two 
different circuits; one when the switch is closed as in circuit (a) of Figure 2.2, and one 
when the switch is open as in circuit (b) of Figure 2.2. A complete cycle of the switch 
occurs in time period T. The fraction of that period that the switch is closed is the duty 
cycle, D. During the time the switch is closed, DT, the inductor current is driven by the 
difference between V c and the input voltage, E. The inductor current starts at some initial 
value I mm and increases at a constant rate to a final value of I max . When the switch is 
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opened, the inductor acts as the source for time (\-D)T and the current returns at a 
constant rate to l min . These statements are expressed in Equations 2.1 and 2.2. 

(Switch Closed) (2. 1 ) 

E+V 

1 -I . = -DT 

max min ^ 

(Switch Open) (2.2) 



V 

1 . -1 = — -(1 -D)T 

min max ^ v J 



where: 

D = the duty cycle 

7’= the time period of one cycle 

L = the inductance of the buck chopper 

Since the buck chopper is at steady state and its operation is periodic, 7 m ,„and of 
Equation 2. 1 are equal to 7 m ,„and l max of Equation 2.2, and solving gives: 

(2.3) 



L 



DT = —(1 -D)T 
L 



From which the required steady-state duty cycle can be uncovered: 



D 



V 

c 

E 



(2.4) 



c. State Space Representation 

The state space representation of the buck chopper is useful in simulating 
transient response. To accurately develop a continuous-time state space representation of 
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the buck chopper, the inductor current must remain in the continuous mode. For analysis, 
the buck chopper is divided into two separate circuits. The first circuit, the chopper 
portion, is comprised of the input source, switch and diode. The second circuit is a low- 
pass filter. In the continuous current mode of operation the output of the first circuit can 
be modeled as an equivalent voltage source v e . This output is a periodic rectangular pulse 
of period T with the duty cycle of d. The duty cycle includes a steady-state duty cycle 
component D from above, and a time-variant component d(t). It is bounded by the values 
0 and 1 inclusively. The waveform's peak voltage is that of the input source e, which, like 
d, includes both a steady-state component E, and a time-variant component eft). 

( 2 . 5 ) 



d = D + d(t ) 
e = E + e(t) 



The output waveform is therefore a series of periodic rectangular pulses, amplitude 
modulated by the variation in the input source and pulse width modulated by the 
variation in the duty cycle. 

By removing the modulation from the output, the salient characteristics of 
the output waveform can be determined. Uncovering this reduced-order model of the 
converter is important from the standpoints of simulation speed and ease of controller 
synthesis. The time variations in v e may be represented by the Fourier series: 

(2.6) 



v -V +> a siiviG)/+7 b cosnc^t 

e e / ✓ n n 

n = 1 n=l 

= Y. c n cos(«o>r+0 n ) 

«■! 



where co is the angular chopping frequency defined as 
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radls 



(2.7) 



0 ) =- 



2n 



V e evaluates as 



(2.8) 





T 

dt + Jo dt 

DT 



DE 



Both a„ and b„ are determined by standard application of Fourier analysis and are given 
by 

(2.9) 



a 

n 



— fv sirmcDt dt = 

T J e 

7 A 



DT 

2 f„ . 2mzt , E .. _ ^ 

— / £sin dt = (1 -cosmcoDF) 

r J 0 t mi 



and 



b 



= — fv cosHcor dt 

rpj e 
1 0 



DT 

— f Ecos ^Hl dt = -^-sin n(x>DT 
T J 0 T mi 



therefore; 



( 2 . 10 ) 



c 



n 



1 



2 





-cosmaDT) 2 

Ml 



and 



e 

« 



tan' 1 — 



a 



n 



-i sin nwDT 
tan 

1 -cosmdDT 
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The similarity between Equation 2.4 and Equation 2.8 can be explained 
using a different, but just as valid, analysis of the operation of a buck chopper. The 
chopper generates a signal whose components are the average dc term, ¥„ and an infinite 
series of high frequency sine and cosine terms. The fundamentals of the sine and cosine 
series are at the switching frequency, 1/T. In order to recover only the average dc term 
and any variations that occur in it, the second circuit, a second-order low-pass filter, 
suppresses the high frequency ac terms. 

The low-pass filter circuit is simply an LRC network. The resistor 
represents the load. Since the first circuit is only a voltage source and all the reactive 
components are in the second circuit, only the second circuit needs to be analyzed to find 
the governing state equations from which a state space based model can be developed. 
The modulation of the input can be handled external to the state space with use of a 
multiplier as modeled in simulation. Thus, 

( 2 . 11 ) 



and 



( 2 . 12 ) 



C 




=i. 



V 



c 



R 



define the operation of the second circuit. These equations can be expressed in the 
following state space form 



(2.13) 



x=Ax+Bu 
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where the state variables are 



( 2 . 14 ) 




and the derivatives of the state variables are 



x= 



di. 



dt 

dv 



dt 



( 2 . 15 ) 



and the input matrix is 



( 2 . 16 ) 



u= 



V 

e 



o 



The characteristic matrix is defined as 



0 



A = 



C 



L 

1 

RC 



( 2 . 17 ) 
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and the input matrix is 




L 

0 



0 

0 



( 2 . 18 ) 



The output of the system can be expressed as a linear combination of the states and the 
inputs 

(2.19) 



y=Cx+Du 



For simulations the output variables were was chosen to be the state variables so that 
Equation 2.19 reduces to 

( 2 . 20 ) 



y=Cx 



where 

( 2 . 21 ) 




and C is the identity matrix. 

B. NSWC/PPI POWER CONVERTER MODULE 
1. Description 

Two 100 kW buck converters based on the schematic of Figure 2.3 have been 
built for evaluation in the DC ZEDS system being installed at NSWC, Annapolis. This is 
the target platform for the present controller. The final evaluation will include six of the 
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Figure 2.3. 100 kW Buck Converter Schematic [From Ref. 8] 
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prototype SSCMs. The SSCMs design is a more advanced version of the basic buck 
converter described in section A. Additional circuits were required to minimize the 
choppers impact on the feeder supply bus and compensate for real-world phenomena 
which can cause destructive voltage transients. These circuits include snubbers and an 
input filter. 

a. The Chopper 

The chopper functions as described in subsection A.2.c. The IGBT device, 
Ql, serves as the chopper's switch. It is driven by a 5 kHz pulse width modulated (PWM) 
signal from the gate driver. Diode CR1 freewheels and provides a path for the current 
when Ql is off. 

b. Snubber Circuits 

The snubber circuits reduce transient voltage ringing and therefore reduce 
IGBT voltage stress that could cause catastrophic failure of the switch. This is 
accomplished by the two parallel circuits composed of C32-33, R32-33 and CR32-33. 
The circuit, comprised of CR46-47, C46-47, and R46-47, perform the same function on 
diode CRT In addition, the snubbers share the switching loss when the IGBT turns off. 
This is accomplished by C27-28, R27-28, and CR27-28. Additional circuits comprised of 
00-14, CR10-14, C15-26, and RIO-14 offer protection by reducing dc bus transients and 
limiting dc bus overshoot. 

c. Input Filter 

The input filter prevents the current surges from the switching action of 
the chopper from influencing the feeder supply bus, and, provides a near-solid dc voltage 
source for the buck chopper with the minimal variations inherent to the feeder supply 
bus. The input filter inductor, LI, ensures that the input current is close to an ideal dc 
current. The capacitor bank, Cl -9, provides 4400 pF of capacitance to minimize voltage 
fluctuations caused by the ripple current due to switching. Resistors, Rl-9, in addition to 
providing the capacitors a discharge path when the power is secured, are used to equalize 
any difference in the voltage potential across each of the series capacitors. This 
difference may develop from trapped charges or different dielectric leakage currents. 
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